ABSTRACT: 4-Ethynyl-2,2'-bipyridyl substituted ruthenium alkynyl complexes have been prepared and used to access a range of binuclear homo-metallic ruthenium and hetero-metallic ruthenium-rhenium complexes. These have been characterized by a variety of spectroscopic and single-crystal X-ray diffraction experiments. The IR spectra of a number of these ruthenium alkynyls display multiple ν(C≡C) bands in the IR spectra, which are rationalized in terms of putative conformational isomers, whose calculated infrared stretching frequencies are comparable to those obtained experimentally. ).
INTRODUCTION
It is becoming increasingly apparent that the incorporation of metallic fragments within the conjugated pathway of organometallic complexes offers many avenues for fine-tuning of electronic structure, and therefore function, that cannot be readily attained with organic structures alone. [1] [2] [3] [4] Metal complexes are now finding application in targeted materials as a consequence of this capacity to fine tune the properties of the metal-ligand assembly. Some of these approaches incorporate ligand architectures into polymers, 5 provide dynamically porous materials, 6 guide the construction of surface based catalysts, 7 and modulate the properties of nonlinear optical materials. 8, 9 Robust, and ideally modular, synthetic methodologies that permit ready assembly of metal-containing compounds and complexes would allow facile exploration of the chemical, physical and optoelectronic features provided by metal complexes and design of new materials. Such modular methodologies for the construction of large heterometallic complexes which take advantage of the multiple coordination sites offered by ethynyl bipyridines was previously pursued by Lang in his "Tinkertoy" approach. [10] [11] [12] [13] [14] [15] [16] We have been recently focused on an allied approach to the construction of bimetallic complexes through the preparation of modular organometallic "coordinating tectons". [17] [18] [19] [20] A series of bimetallic complexes of the well-studied, bifunctional ligand 5-ethynyl-2,2'-bipyridine were synthesized by this approach, and weak electronic communication was observed between two metal centers across this ligand. 18 Indeed, the electronic interactions between metal termini separated by organic functionality, M-bridge-M', are often investigated in order to define the intramolecular, electron transfer (or wire-like) characteristics of the assembly. [21] [22] [23] [24] Investigations of organometallic complexes in this area have focused on the mixed-valence characteristics of bimetallic complexes derived from bridging moieties such as polyynes, [25] [26] [27] [28] oligo(phenylene)ethynylenes 29 and bis(terpyridine)metal complexes. 30 More recently, attention has also been turned to the incorporation of similar compounds within molecular junctions, leading to alternative assessments of wire-like characteristics 2, [31] [32] [33] [34] [35] [36] [37] [38] [39] as well as offering insight into the capacity to engineer higher electrical function, such as transistor-like response. 40 The desire to optimize these characteristics inspire further development of molecular designs and associated synthetic methodologies, as well as methods for the assessment of electronic structure and intramolecular charge transfer phenomena. 41 In the case of systems where M and M' differ only in their formal redox states, results of such studies are often discussed within the framework of mixed-valence classes introduced by Robin and Day and analyses drawn from the Marcus-Hush two-state model; [42] [43] [44] [45] extensions to the model allow for similar analyses in unsymmetrical systems. 46, 47 In general terms, the separation of the ground and excited states gives rise to a characteristic absorption band (the 'Intervalence Charge Transfer' or IVCT band) in the electronic spectrum of these bimetallic complexes, and often falls in the NIR region in the case of M-bridge-M + examples. Analysis of the IVCT band-shape (ν max , Δν 1/2 and symmetry around the band centre, ε max ) using expressions developed by Hush permits estimation of the underlying coupling term H ab which describes the interaction between the remote sites, which is otherwise not directly measurable. Whilst models of additional complexity have been developed which, for example, include scenarios in which the bridging moiety also serves as an additional redox-active moiety within the molecular framework, 45 the two-state model based analysis of IVCT transitions remains the most common approach to the assessment of electronic structure and 'wire-like' behavior in mixed-valence complexes. However, the IVCT band is often overlapped with other lowenergy transitions, such as local d-d bands, 48, 49 and increasingly complications arising from the presence of multiple, slowly interconverting conformers, each with their own electronic character and spectroscopic signature, are being identified. [50] [51] [52] [53] [54] [55] Consequently, identifying the IVCT band within the NIR absorption envelope and accurately resolving the band-shape is not always a simple, or even possible, task.
Related information concerning charge distribution and transfer can also be obtained from analysis of key vibrational bands in the IR spectra of mixed-valence complexes, [56] [57] [58] [59] and which are often better resolved. Kubiak has also demonstrated how the use of modified Bloch-type equations can be used to simulate the dynamic effects of electron transfer on the infra-red time scale on the band-shape of key IR bands, which gives insight into rates of intramolecular electron transfer. 60 Herein we describe further steps towards the goal of developing robust synthetic approaches to the modular assembly of bi-, and ultimately poly-metallic, complexes with tailored and tunable electronic characteristics. A series of putative organometallic tectons derived from 4-ethynyl-2,2'-bipyridine (1, Chart 1) is reported, and use in the formation of bimetallic complexes explored. Although the synthesis of ligand 1 has previously been reported, 61 the only previous reports of metal complexes of 1 are a series of platinum σ-alkynyl complexes of this ligand. [62] [63] [64] These were subsequently coordinated to a variety of metal centers including {ReCl(CO) 3 } and {M(bpy) 2 2+ } (M = Fe, Ru, Os) to the bipyridyl moieties of these σ-alkynyl complexes giving hetero bi-and tri-metallic complexes, whose electrochemical, optical and photophysical properties were explored. 62, 64, 65 No solid state structural characterization of these complexes has been reported; as a result this study presents the first ruthenium σ-alkynyl complexes and first structurally characterized complexes of 1.
Furthermore, the use of spectroscopic, electrochemical, spectroelectrochemical and theoretical methods in concert provides additional information on the efficacy of the transfer of electronic information and 'wire-like' properties of the 4-ethynyl substituted bipyridine moiety. Examination of the IR active ν(C≡C) bands reveals a range of subbands that cannot be satisfactorily attributed to electron transfer dynamics. Rather, the concept of a range of molecular conformers, which offer electronic structures which differ in the extent of conjugation, is found to offer a more consistent explanation for the observed IR band-shapes. 29 The response of the ν(C≡C) bands to changes in molecular redox state also serve as markers for the site of oxidation state change within these polymetallic assemblies, which can be further correlated with results from DFT level calculations of electronic structure.
Chart 1. Compounds prepared in this study

EXPERIMENTAL SECTION
General Considerations: All reactions were performed under an atmosphere of high purity argon using standard Schlenk techniques. Reaction solvents were either purified and dried using an Innovative Technology SPS-400 (THF, Ether, Hexane and Toluene) and degassed prior to use, or were purified and dried by appropriate means 66 prior to distillation and storage under Argon. Solvents for chromatography were distilled prior to use. Unless otherwise mentioned, no special precautions were taken to exclude air or moisture during work-up and crystallization. The compounds 4-ethynyl-2,2'-bipyridine 67 (1), Me3SiC≡C-4-bpy 67 76 were synthesized according to literature procedures. All other materials were obtained from commercial suppliers and used as received.
The NMR spectra were recorded on Bruker AV-500 or Bruker AV-600 spectrometers.
1 H and 13 C{ 1 H} spectra were referenced to residual solvent signals, while 31 P{ 1 H} spectra were referenced to external phosphoric acid. IR spectra were recorded using a Perkin Elmer Spectrum 1 spectrometer as: CH2Cl2 solutions in a cell fitted with CaF2 windows or solid samples utilising an ATR module. UV-vis spectra were recorded on a Thermo Array UV-vis spectrophotometer as CH2Cl2 solutions in a cell with CaF2 windows. ESI-mass spectra were recorded on a Waters LCT Premier TOF spectrometer. Elemental analyses were performed by London Metropolitan University, London, United Kingdom.
Electrochemical analyses were carried out using a Palm Instruments EmStat potentiostat and a Metrohm Autolab 302N potentiostat. A platinum disc electrode with platinum counter and pseudo-reference electrodes were used in CH2Cl2 solutions containing 0.1 M n Bu4NPF6 electrolyte. The decamethylferrocene/decamethylferricenium (Me10Fc/Me10Fc + ) couple was used as an internal reference, with all potentials reported relative to the ferrocene/ferricenium couple (Fc/Fc + ) (Me10Fc/Me10Fc + = -0.48 V vs Fc/Fc + in CH2Cl2). 77 Spectroelectrochemical measurements were made in an OTTLE cell of Hartl design 78 from CH2Cl2 solutions containing 0.1 M n Bu4NPF6 electrolyte. The cell was fitted into the sample compartment of a Cary 600 FTIR or Cary 5000 UV-vis-NIR spectrophotometer, and electrolysis in the cell was performed with an EmStat potentiostat.
Crystallography: The crystal data for 1, 3-5, 7-8, 10-11, 14 and 16-17 are summarized in Table S-1 (Supplementary Information) . The compounds are shown in the figures below, with ellipsoids drawn at the 50 % probability level. Crystallographic data for the structures were collected at 100(2) K (180(2) K for 7) on an Oxford Diffraction Gemini diffractometer fitted with Cu Kα radiation (7 and 8) or Mo Kα (3, 11, 16 and 17) or an Oxford Diffraction XCalibur diffractometer fitted with Mo Kα radiation (1, 4, 5, 10 and 14). Following analytical absorption corrections and solution by direct methods, the structures were refined against F 2 with full-matrix least-squares using the program SHELXL-97.
79 Anisotropic displacement parameters were employed throughout for the non-hydrogen atoms, except for disordered atoms. All H atoms were added at calculated positions and refined by use of a riding model with isotropic displacement parameters based on those of the parent atom. Geometries of disordered atoms were restrained to ideal values. Non-hydrogen atoms within the disordered atoms were refined with isotropic displacement parameters only.
Crystals of 1 suitable for X-ray analysis were obtained through the slow evaporation of a hexanes/EtOAc solution of the complex.
Crystals of 3 suitable for X-ray crystallography were obtained through the slow evaporation of an ethanol/THF solution of 11.
Syntheses.
Bis(2,2'-bipyridin-4-yl)butadiyne (3) . A solution of 4-ethynyl-2,2'-bipyridine (270 mg, 1.50 mmol), copper (I) iodide (9 mg, 0.05 mmol) and 4-dimethylaminopyridine (11 mg, 0.09 mmol) in acetonitrile (20 ml) was stirred in air over 3 days at room temperature. 80 After removing the solvent under reduced pressure the residue was purified by column chromatography on silica (CH2Cl2:MeOH, 99.5 : 0.5) giving the desired product as a yellow band. After removing the solvent the crude product solidified as dark blue-purple microcystalline solid (180 mg). Further purification was achieved by extracting the solid product with large amounts of CH2Cl2 and allowing crystallisation by slow evaporation of the solvent (89 t Bu (5 mg, 0.045 mmol) were suspended in CH2Cl2 (10 mL) and stirred at ambient temperature for 30 min, during which time the red color of the solution became yellow. Passing the reaction mixture through a small (ø 20 mm x 10 mm) plug of alumina (neutral, Brockmann activity III), and eluting with CH2Cl2 gave a yellow eluent, removal of the solvent yielded 7 as a yellow powder (8 mg, 60 %). A crystal suitable for X-ray analysis was obtained through the slow evaporation of a CH2Cl2/toluene/n-hexane solution of the complex under an inert atmosphere. 1 (8) . [RuCl(dppe)2]OTf (200 mg, 0.185 mmol) and 1 (51 mg, 0.281 mmol) were dissolved in CH2Cl2 (10 mL) and stirred at ambient temperature for 2 hrs. The volume of the solution was reduced to 10 mL in vacuo followed by the addition of hexane (10 mL). This resulted in formation of a red precipitate, which was collected and washed with Et2O (3 mL) and hexane (2 x 5 mL) to give 8 as a red powder (60 mg, 26 %). A crystal suitable for X-ray analysis was obtained through the layer diffusion of n-hexane into a CHCl3 solution of the complex under an inert atmosphere. 1 
%). [Ru(C≡C-4-bpy)(CO)2Cp] (9).
[RuCl(CO)2Cp] (150 mg, 0.584 mmol), 1 (106 mg, 0.584 mmol) and CuI (10 mg, 10 mol%) were dissolved in a mixture of Et3N (25 mL) and THF (10 mL) and stirred at ambient temperature for 48 hrs. The solvent was removed in vacuo and the reaction mixture was chromatographed on alumina (neutral, Brockmann activity III), eluting with CH2Cl2/hexane (25 % v/v) to remove unreacted starting materials, while a yellow band was eluted with 100 % CH2Cl2, removal of solvent yielded 9 as a yellow powder (158 mg, 94 %). Anal. Calcd. 
MS (MeCN, ES (+)): m/z 403 ([M+H] + , 100 %), 375 ([M+H-CO] + , 25 %). [Ru(C≡C-4-bpy)(CO)2Cp*] (10).
[RuCl(CO)2Cp*] (200 mg, 0.612 mmol), 1 (111 mg, 0.612 mmol) and CuI (10 mg, 12 mol %) were dissolved in a mixture of Et3N (25 mL) and THF (25 mL) and stirred at ambient temperature for 48 hrs. The solvent was removed in vacuo and the reaction mixture was chromatographed on silica, eluting initially with CH2Cl2/hexane (25 % v/v) to remove unreacted starting materials. Subsequently a yellow band was eluted with 100 % CH2Cl2, removal of solvent yielded 28 as an orange powder (161 mg, 56 %). A crystal suitable for Xray analysis was obtained through the slow evaporation of an Et2O/n-hexane solution of the complex under an inert atmosphere. 1 [ 81 Alternatively, a desilylation / metallation reaction sequence from RuClL 2 Cp' with Me 3 SiC≡CR in the presence of KF has also been found to be effective in a number of cases. 82 In the present study the terminal alkyne HC C-4-bpy (1) was obtained by desilylation of the analogous trimethylsilyl-protected compound Me 3 SiC≡C-4-bpy (2), which was in turn prepared by Sonogashirabased cross-coupling of 4-bromo-2,2'-bipyridine with trimethylsilylacetylene. 61 The half-sandwich ruthenium phosphino σ-alkynyl complexes 4 and 5 were synthesized from the trimethylsilyl protected alkyne 2 using the established KF-mediated methodology.
RESULTS AND DISCUSSION
Synthesis of Alkynyl Complexes
82,83 Whilst 5 did not precipitate from methanol in the same manner as 4 and previous examples, 82 ,83 a pure sample of this complex was obtained by chromatography, eluting from an alumina column with CH 2 Cl 2 . Reaction of [RuCl(dppe) 2 ]OTf with 1 forms a vinylidene intermediate that is subsequently deprotonated by the basic bipyridine moiety giving the N-protonated σ-alkynyl bipyridine complex [8] OTf. 18, 83 Deprotonation of this complex with KO t Bu gave the σ-alkynyl complex 7. Attempts to synthesize the analogous dppm complex 6 were not successful under the established conditions for similar complexes, 17,18 the reaction giving a material of low purity.
Less electron-rich metal fragments are unable to support the formation of vinylidene species from terminal alkynes. However, a Cu(I) mediated transmetallation route has long been known to provide entry to metal alkynyl complexes of less electron-rich metal fragments. 84 The half sandwich dicarbonyl σ-alkynyl complexes 9 and 10 were readily synthesized Cu(I)-catalysed reactions of RuCl(CO) 2 Cp' (Cp' = Cp, Cp*) with 1 and isolated in moderate to excellent yield after chromatographic workup.
17,85
Gold σ-alkynyl complexes may be conveniently prepared by either similar Cu(I)-catalysed transmetallation reactions or directly from the terminal alkyne in methanolic methoxide solutions. Compound 11 was prepared in good yield by the latter route. 86 This complex is of interest as gold alkynyl complexes are versatile precursors for a range of transition metal complexes via transmetallation reactions. 87 The use of gold complexes as catalysts is a rapidly growing area of research, 88-90 one application is the use of gold complexes as catalysts for the oxidative coupling of terminal alkynes, 91 evidence of this behavior was observed during this study. X-ray quality crystals of 11 were obtained through the slow evaporation of an EtOH/THF solution under an inert atmosphere. Exposure of the supernatant to the atmosphere gave a second crop of crystals with a different morphology. This second crop of purple crystals was suitable for single crystal X-ray diffraction studies, which showed the formation of bis(2,2'-bipyridin-4-yl)butadiyne (3) through the oxidative coupling of the alkynyl moieties of complex 11. Compound 3 could more cogently be prepared via a copper / 4-(dimethylamino)pyridine-catalysed oxidative homocoupling reaction carried out in air. 80 Satisfactory CHN microanalyses were not obtained for complexes 7-11 and 13, after a number of attempts. The identification of these complexes has relied on crystallographic (7, 8, 10 and 11) and spectroscopic methods. The collected NMR spectra for all metal complexes are presented in the SI. Attempts to remove the minor impurities observed in several complexes led to further decomposition of the materials.
Synthesis of Bimetallic and Coordination Complexes
The bimetallic complexes 12-15 were prepared from the σ-alkynyl complexes 4 and 5 through coordination of an additional metal center to the bipyridyl moiety of the metallo-ligand in a similar manner to analogous 5-ethynyl-2,2' bipyridine complexes. 18 The heterobimetallic complexes 12 and 14 were prepared through a thermal carbonyl ligand displacement reaction with [ReCl(CO) 5 ]. 92 The homobimetallic complexes 13 and 15 were obtained through reaction of 4 or 5 with [RuCl(COD)Cp] and displacement of the labile 1,5-cyclooctadiene (COD) ligand. 76 The monometallic coordination complexes 16 and 17 were synthesized in an analogous manner from 1 and [ReCl(CO) 5 ] or [RuCl(COD)Cp] respectively to allow comparison of structural, spectroscopic and electrochemical properties of the metal centers.
Spectroscopy of the Complexes
The IR spectra of complexes 4 -15 showed a ν(C≡C) band envelope within the range expected for σ-alkynyl complexes of the respective metal centers (Table 1) ; selected spectra are shown in Figure 1 . The alkynyl stretch in the protonated complex [8] OTf is shifted to a lower wavenumber by 30 cm -1 (2020 cm -1 ) relative to the main ν(C≡C) observed for the neutral complex 7. The carbonyl stretches of the monometallic bis(carbonyl) complexes 9 and 10 were also observed as expected at 2052 and 2004 cm -1 and 2027 and 1976 cm -1 . The heterobimetallic complexes 12 and 14 and the coordination complex 16 exhibited the expected three ν(C≡O) bands for the fac-[ReCl(CO) 3 (bpy)] fragment. 93 The spectra of complexes 4, 5, 6, 7, 13 and 15 show prominent shoulders or splitting of the main ν(C≡C) band (Figure 1) . Similar ν(C≡C) profiles have been noted for monometallic alkynyl complexes previously, and attributed to Fermi coupling effects, [94] [95] [96] whilst the presence of a range of different rotamers in solution has also been proposed to account for related features in mono-and bi-metallic complexes of similar composition. To investigate the origin of the multiple ν(C≡C) bands, solid-state IR spectra of 4, 5, 13 and 15 were also obtained. The solid state and solution spectra display rather different profiles, which is particularly obvious in the case of the homobimetallic complexes 13 and 15 (Figure 2 ). This lends support to the concept that the shoulder and subbands observed in the various media are indeed due to conformational effects. It is noteworthy that the shoulder present in the spectra of complex 7 is not present in the spectra of the protonated species [8] + (Table 1) . Given the donor-acceptor nature of [8] + , a greater energetic preference for a conformation that optimizes the conjugation through the molecule could be reasonably suggested as the reason for the observation of a smaller range of conformers. Upon coordination of a metal to the bipyridine moiety, the NMR spectra of the bipyridyl protons showed a significant downfield shift for the protons in the 6 and 6' positions, adjacent to the nitrogen atoms, this can be attributed to shielding by the ancillary ligands on the coordinated metal center. The other change in the proton NMR of the bipyridyl moiety was a shift to higher field for the protons in the 3 and 3' positions. Presumably these, protons are deshielded as the influence of the nitrogen lone pair decreases when the bipyridyl rings change from the trans to the cis configuration upon coordination of a metal.
The 31 P NMR spectra of 4-7, [8] OTf, 12 and 13 contained singlets characteristic of the respective ruthenium phosphine centers. 18 However, in the 31 P NMR spectra obtained for the homobimetallic complexes 14 and 15, it was observed that the phosphorus atoms became chemically inequivalent, resulting in an AB spin system (J PP = ca. 15 Hz) (see Figure S-3 and experimental) , a consequence of the substituents on the bipy coordinated metal.
The UV-vis spectra of the alkynyl complexes 4 and 5 show a broad absorbance at ca. 360 nm that is attributed to a MLCT band.
83 A higher energy band is seen at 280 nm, which is assigned to a bipyridyl π-π* transition. Upon coordination of an additional metal center to the bipyridine moiety, the bands observed for the alkynyl complexes undergo a shift to lower energy, with the bipyridyl π-π* transition moving ca. 20 nm to 300 nm, while the MLCT bands are red-shifted by 100 to 150 nm. The spectra of the bimetallic complexes show an additional MLCT band attributed to the coordinated metal center at ca. 370 nm for heterobimetallic complexes 12 and 14 and ca. 390 nm for homobimetallic complexes 13 and 15.
Crystallographic structures
The structures of ligand 1 and butadiyne 3 are presented in Figure 3 . Representations of the crystal packing and selected interatomic parameters are provided in the Supplementary Information ( Figure S-4 and Table S-2). These compounds have linear alkyne groups and coplanar pyridyl rings (dihedral angle is 6.6° for 1 and 11.9° for 3), with the nitrogen atoms of the pyridine rings in a trans configuration. 100 Both compounds exhibit π-π stacking between molecules in the solid state, with coplanar pyridine rings separated by 3.60 Å for 1 and 3.36 Å for 3 and the pyridine rings offset by half the width of a pyridine ring. 101 . The blue colour of 3, in the solid state, most likely arises from charge transfer interactions. Single crystal X-ray structures were determined for the σ-alkynyl complexes 4-5, 7, [8] OTf and 10-11, these structures are depicted in Figure 4 , with selected interatomic parameters for all structurally characterized metal complexes collected in the Supporting Information (Tables S-2 
to S-5).
Complex 5 crystallized with disordered solvent molecules, these were modeled as partly n-hexane, with 0.831(3) site occupancy and partly CHCl 3 as its complement, in addition the Cp* ligand was disordered over two sets of sites with occupancies refined to 0.705(6) and its complement. Complex 7 crystallized with one CH 2 Cl 2 molecule with 0.5 occupancy that was disordered about a crystallographic inversion center, one pyridine ring and one dppe phenyl ring were each disordered over two sites, with occupancies refined to 0.5. Complex [8] OTf crystallized with three CHCl 3 solvate molecules, two of the solvent molecules were modelled as being disordered over two sites with occupancies refined to 0.688 (8) and its complement for both molecules. Complex 10 crystallized with two crystallographically distinct molecules in the unit cell, molecule 1 has the bipyridyl moiety disordered over two sites with equal occupancies, molecule 2 has the Cp* ligand disordered over two sets of sites with occupancies refined to 0.712(5) and its complement, see Figure S -5.
The bond lengths and angles around the ruthenium cores of σ-alkynyl complexes 4-5, 7, [8] A recent study 99 has revealed an interesting feature in structurally characterized ruthenium σ-alkynyl complexes of the general formula [RuCl(C≡C-Ar)(dppm) 2 ], of which 7 and 8 are members. It was observed that electron donating aryl groups resulted in elongated Ru-Cl bond lengths and electron withdrawing aryl groups gave shorter Ru-Cl bond lengths as expected for the structural trans effect. 106 However, this feature was only observed when the angle Θ ≈ 0 or 90°(Θ is defined by the angle between the plane of the aryl ring and the plane bisecting the dppe ligands 99 ) as these angles give the best orbital overlap between the arylethynyl π and π* orbitals and the d xz and d yz orbitals of the metal centre. Complex 7 has Θ = 58° resulting in little influence of the ethynylbipyridine ligand on the Ru-Cl bond length of 2.489(1) Å, while complex 8 has Θ = 10° resulting in good orbital overlap, and supports the notion that the rotation of the protonated bipyridine moiety in [8] OTf, inferred from the ν(C≡C) data, is due to the greater conjugation between them ruthenium center and the protonated bipyridyl fragment. The Ru-Cl bond length of 2.494(3) Å for [8] + is consistent with the weak electron withdrawing ability of the protonated bipyridyl moiety.
The solid-state structure of complex 11 exhibits a relatively large deviation from linearity in the Au-C≡C-bpy fragment (Au-C(1)-C(2) 162.1(4)°), likely due to solid state packing effects. The related bimetallic σ-alkynyl complex [4,4'-((PPh 3 )Au-C≡C-) 2 -2,2'-bipyridine] has almost linear Au-C≡C bond angles of 179.6(6)° and 175.7(5)°1 07 suggesting the alkynyl moiety should adopt a linear configuration in the absence of solid state packing effects. The deviation from linear is not due to aurophilic interactions, with a minimum Au-Au distance of 8.523 Å. Figure 5 . Representation of the molecular structure of bimetallic complex 14, with hydrogen atoms and solvent molecules omitted to aid in clarity and ellipsoids drawn at 50% probability. Only the major components of the Cp* ring and {(bpy)ReCl(CO) 3 } core are shown.
The structure of the bimetallic complex 14 is depicted in Figure 5 . Complex 14 crystallized with three CH 2 Cl 2 solvate molecules, one of which was disordered over three sites. The Cp* was disordered over two sites with equal occupancy. Additional disorder was discovered near the Re atom, with the coordinated Cl atom and the CO ligand trans to it were modelled as being disordered through an inversion center located at the rhenium atom, with occupancies refined to 0.869(6) and its complement Figure S -6) . The inversion disorder of the chloride and carbonyl ligands around the rhenium centre has not been seen in previous {ReCl(CO) 3 (N∩N)} complexes that have been structurally characterized. However, inversion disorder of chloride and carbonyl ligands of a rhenium complex has been previously observed in the complex merReCl(CO) 3 (PEt 3 ) 2 .
108
The only significant change in the structure of 5 upon coordination of the {ReCl(CO) 3 } group to form 14 is the change to a cis orientation of the bipyridine ring to allow bidentate coordination. The bond lengths and angles around the metal cores of complex 14 are consistent with previous examples of {Ru(C≡CR)(dppe)Cp*}, 18, 94, 105 and {ReCl(CO) 3 (bpy)}} 16,18,109 metal centers, notably analogous 5-ethynyl-bipyridine bimetallic complexes published previously by us.
18
Figure 6. Representation of the molecular structure of 16 and 17, with hydrogen atoms (with the exception of the alkynyl proton) omitted to aid in clarity and ellipsoids drawn at 50 % probability.
The structures of coordination complexes 16 and 17 are presented in Figure 6 . The structures of these complexes are unremarkable, with a linear alkyne moiety accompanied by bond lengths and angles around the metal centers consistent with previous examples of structurally characterized {RuCl(bpy)Cp} 18 and {ReCl(CO) 3 (bpy)} 16,18,109 complexes.
Electrochemistry
Ruthenium half-sandwich σ-alkynyl complexes Ru(C≡CR)(dppe)Cp* generally display more reversible electrochemical behavior than the Ru(C≡CR)(PPh 3 ) 2 Cp analogues.
83 Therefore mononuclear 5, heterobimetallic 14 and homobimetallic 15 were chosen as representative examples through which to explore the electrochemical response of this family of complexes, together with 17 as a reference compound (Table 2, Figure 7) . Electrochemical reversibility was established from linear plots of peak current vs (scan rate) 1/2 (i p vs ν 1/2 ) and separation of the anodic and cathodic peak potentials (E pc -E pa ) values consistent with that of an internal decamethyl ferrocene/decamethyl ferrocenium couple (ca. 80 mV).
The CV of monometallic 5 features a single, reversible wave at E 1/2 = -0.02 V attributed to an oxidation involving both the ruthenium center and the alkynyl ligand. 18, 29, 83, 110 The CV of heterobimetallic 14 also exhibits a reversible oxidation wave (E 1/2 = 0.13 V) attributed to the ruthenium alkynyl moiety, with the oxidation potential shifted ca 150 mV more positive than the respective mononuclear precursor, likely due to the electron withdrawing nature of the {ReCl(CO) 3 } fragment. A reversible reduction wave attributed to reduction of the bipyridine moiety in the {ReCl(CO) 3 (bpy)} fragment was also observed. In contrast, the CV of homobimetallic 15 featured two sequential, reversible oxidation processes at -0.19 and 0.16 V. Although the substantial difference in these electrode potentials indicates that the redox product [15] + can be cleanly generated (K c = 8.2 × 10 5 ) 112 the origin of these processes is not immediately obvious, given the oxidation potentials of the monometallic fragments 5 (-0.02 V) and 17 (0.09 V); the latter being consistent with the oxidation potential of other {RuCl(bpy)Cp}-based complexes. 18 In order to better understand the electrochemical behavior of 15 and the electronic structures of these 4-ethynyl-2,2'-pyridyl complexes in general, a series of spectroelectrochemical investigations were undertaken. Oxidation of the σ-alkynyl complex 5 results in the shift of the ν(C≡C) band (centred at 2048 cm -1 ) envelope to lower wavenumbers, with the ν(C≡C) band envelope of [5] + being centered at 2012 cm -1 , but very broad and of much lower intensity than that of 5 ( Figure 8 ). This contrasts with the behavior of other [Ru(C≡C-Ar)(PR 3 ) 2 Cp'] complexes, in which the ν(C≡C) band shifts to a lower wavenumber by ca. 150 cm -1 but is generally much better resolved, 18 Oxidation of the heterobimetallic complex 14 results in collapse of the ν(C≡C) band at 2040 cm -1 and the formation of a lower energy band at 1920 cm -1 which appears as a shoulder on the ν(C≡O) band at 1915 cm -1 ( Figure 9 ). This shift of 120 cm -1 is consistent with previously reported [Ru(C≡C-Ar)(PPh 3 ) 2 Cp] complexes. 18, 29, 83, 110 There is very little change in the ν(C≡O) bands of the rhenium center. These observations support the assignment of the oxidation process to the ruthenium alkynyl moiety. The oxidation process was fully reversible, with the spectrum of 14 being regenerated after back reduction in the SEC cell. The complexes 5, 14 and 15 were further investigated by UV-vis-NIR SEC experiments. Upon oxidation of 5, the MLCT band at 358 nm collapses, with the formation of a broad absorbance band envelope from 400 to 800 nm. This absorption feature appears to have two maxima, at ca. 550 and 700 nm, which may be assigned to two MLCT processes in the oxidized complex. The oxidation also results in the appearance of a weak NIR band at 1450 nm (6900 cm ), which matches well with the experimentally determined ∆ν 1/2 of 4000 cm -1 . Calculation of the electronic coupling between the two ruthenium centers in [15] + gives H ab = 306 cm -1 assuming r ab = 9.5Å from the Ru(1)-Ru(2) distance in the DFT optimized structure, vide infra), consistent with a bimetallic ruthenium system with a small degree of residual charge localization. n+ (n = 0, 1), where the prime (′) notation is used to distinguish the computational systems from the physical samples. Calculated vibrational frequencies for ν(C≡C) (scaled here by 0.95) 117 allow comparison of computational model and physical systems in both redox states (Table 3 ). The close agreement of these data with experimental values gives confidence in the conclusions drawn from this computational work. Interestingly, for the mononuclear complex 5′, three local minima were readily identified during the process of geometry optimization, which are easily distinguished by the Cp(centroid)-Ru-C(14)-C(13) torsion angle, φ: 174.50° (bpy-down), 78.75° (bpy-side), 0.23° (bpy-up). These three forms are almost isoenergetic with the bpydown (+3.6 kJ.mol -1 ) and bpy-side (+6.6 kJ.mol The coordination environments of the metal centers in 5′ and 14′ were very similar to those determined crystallographically (no structure of 15 being available for comparison), although there was an overestimation of Ru-P and Re-Cl bond lengths by ca. 3% (Table S-6 ). The solid state structure of 5 exhibits an angle φ of -76.22°, indicating that the plane of the bpy moiety lies between the Cp* and dppe ligands. The bimetallic complex 14 had a torsion angle of -136.93°, with the plane of the bpy moiety lying along the Ru-P(1) bond. The deviation of the solid state structures from the calculated structures is most likely due to crystal packing effects in the lattice.
Computational Studies
Of particular relevance to the current study are the calculated ν(C≡C) frequencies from the identified structural minima. The down and up conformers both feature a single, strong ν(C≡C) band at 2028 and 2027 cm -1 , respectively. The side isomer in which the bpy fragment is effectively twisted out of conjugation with the metal-alkynyl fragment, features a higher frequency ν(C≡C) band at 2037 cm -1 . These results fit quite well to the principal band and shoulder in the experimental spectra at 2050 and 2075 cm -1 , lending strong support to the notion that rotomers are responsible for the multiple ν(C≡C) bands observed in the IR spectrum of 5 and related alkynyl complexes.
The calculated IR spectra of the three conformers of 14′ which give almost identical ν(CO) patterns (ν (CO): Table 1 ). However the combination of the three conformers, with overlapping ν(C≡C) bands at 2016 cm -1 and 2018 cm -1 for the up and down conformers, respectively, and 2029 cm -1 for the side conformer gives a better approximation of the observed spectral features.
The molecular orbital features of the 4-ethynyl-bipyridine complexes 5′, 14′ and 15′ have many similar features to the corresponding 5-ethynyl-bipyridine isomers we have previously reported. 18 The HOMOs of the various conformers of 5′, Figure 15 , are largely associated with the Ru (up 42%, down 41%, side 49%) and C≡C (up 25%, down 25%, side 27%) fragments. The bpy contribution in these 4-ethynyl-bipyridyl complexes is entirely localized on the ethynyl-substituted C 5 H 3 N ring in the case of the up and down conformers (14%), in contrast to the 5-ethynyl isomer in which the C 5 H 3 N and C 5 H 4 N pyridyl rings each contribute to the HOMO (19, 5% respectively). The HOMO of the side conformer is almost devoid of contributions from the bpy fragment, with only 3% C 5 H 3 H character. The LUMO is effectively derived from the bipyridyl π* system in all conformers.
In the case of the conformers of the bimetallic complex 14′ the HOMO structures are essentially identical to those of up-, down-and side-conformers of 5′, with an inconsequential (less than 3%) contribution from atoms of the ReCl(CO) 3 fragment in the various conformers. The bis(ruthenium) complex 15′ displays some most substantive electronic differences with the HOMO being distributed over both metal fragments in the up and down conformers (Ru(dppe)Cp* : RuClCp, up 26:51; down 26:51, and rather more localized on the RuClCp fragment in the side conformer (Ru(dppe)Cp* : RuClCp, side 12:73). Again, the LUMO is essentially bipyridyl π* in character in all conformers of 14′ and 15′. ). These descriptions of electronic structure also support the interpretations of the low energy electronic transitions described above (Figures 11-14) . 
CONCLUSION
A series of alkynyl and bimetallic complexes of 4-ethynyl-2.2'-bipyridine (1) have been synthesized, structurally characterized and studied by electrochemical and spectroelectrochemical techniques. These are the first know examples of ruthenium σ-alkynyl complexes of 1 and the structurally characterized complexes presented here are the first known solid state structures of metal σ-alkynyl, coordination and bimetallic complexes of ligand 1.
The electrochemical behavior of many of these complexes was studied, with σ-alkynyl and heterobimetallic complexes revealing the expected [Ru]-C≡C-bpy ligand based oxidation process. The electrochemical behavior of the homobimetallic ruthenium complexes was also studied, and showed two reversible oxidation processes attributed to the two metal centres. led to the classification of this complex as a weakly coupled Class II mixed valence compound, which is supported by calculations at the DFT level of theory. Of most interest is the observation that whilst a single geometric structural minimum is insufficient to satisfactorily explain the observed spectroscopic features, principally the multiple ν(C≡C) bands, a simple survey of three key conformations, which are identified as minima on the potential energy surface, is sufficient to provide a clear rationalization of the spectroscopic behavior. The migration from analyses of molecular structures and spectroscopic properties based on a single energetic minimum to a select set of relevant minima is likely to become routine practice in the coming years.
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